AbstrACt
Reuse of industrial biotechnology by-products has become an important component of circular bio-economies whereby nutrient-rich wastes are returned to agricultural land to improve soil fertility and crop productivity. Heat-inactivated spent microbial biomass (SMB) from the production of 1,3-propanediol is an industrial fermentation by-product with nutrients that could replace or supplement conventional fertilizers. Our objectives were to determine if SMB utilization as a soil amendment in agriculture could generate environmental benefits while meeting farmer yield expectations and assess the impact of SMB application on CO 2 emissions. This study examined the replacement of typical farmer fertilizer practices with the application of SMB. In addition to yellow dent maize (Zea mays L. var. indentata) grain yield and aboveground biomass, soil organic carbon (SOC) was measured. The eddy covariance (EC) micrometeorological method was used to measure CO 2 flux. Overall maize yields were positively correlated with increasing application rates of SMB. After two SMB applications, SOC increased by 45% on the SMB plot as compared with an increase of 11% on the farmer practice plot. The SMB-treated plot also emitted more CO 2 (794 g CO 2 m -2 yr -1 ) compared with the farmer practice treatment (274 g CO 2 m -2 yr -1 ). Results from this study provide information on the efficacy of waste product nutrient cycling in the soilplant ecosystem that could improve productivity and sustainability.
Abbreviations: ANOVA, analysis of variance; C 3 , C 3 photosynthesis; C 4 , C 4 photosynthesis; EC, eddy covariance; FP, farmer practice; GHG, greenhouse gas; HSD, Honestly Significant Difference; IRGA, infrared gas analyzer; LSD, Least Significant Difference; LCA, life cycle assessment; MDS, marginal distribution sampling; NEE, net ecosystem exchange; OECD, Organization for Economic Cooperation and Development; PDO, 1,3-propanediol; R, reproductive stage; SMB, spent microbial biomass; SOC, soil organic carbon; V, vegetative growth stage of plants; VE, vegetative stage: emergence; V1-Vn, vegetative stages from appearance of leaf 1 to the total number of leaves (n); VT, vegetative stage: tasseling. C limate change from unabated greenhouse gas (GHG) emissions presents an existential threat to humanity (Hansen et al., 2016; Xu and Ramanathan, 2017; Figueres et al., 2017) , making the quantification of CO 2 emissions from agriculture and industry important to understand. Acknowledged goals of the biotechnology industry are to be socially responsible and environmentally friendly. As pointed out by the Ellen MacArthur Foundation (2013), when industrial biotechnology waste is recycled into other processes, those materials promote the conservation of resources and reduction of waste, exemplifying the principles of the circular economy (Romero-Hernández and Romero, 2018) . The production of bioenergy and chemicals using industrial biotechnologies can produce less waste, require less energy, and be environmentally safer (OECD, 2011) . Moreover, many industrial biotechnologies appreciate a recently proposed definition of sustainability that "resources including energy should be used at a rate at which they can be replaced naturally, and the generation of wastes cannot be faster than the rate of their remediation" (Cséfalvay et al., 2015) .
An example of recovering resource value from recycled industrial waste is the use of industrial fermentation bioresidual waste as animal feed or nutrient input for crops (Moore, 2011; Sullivan et al., 2017; Tuck et al., 2012; Westendorf and Wohlt, 2002) . The use of waste as an input has been researched in agriculture with the use of manures since the 1800s (Lawes and Gilbert, 1863) , but the use of industrial waste as a resource is a more recent phenomenon. Bioresiduals generated by industrial biotechnologies tend to be rich in organic matter, containing macro-and micronutrients essential for plant growth, and therefore have agricultural value. However, technical, logistical, and social challenges remain as well as unforeseen costs in value recovery demonstrated by the municipal waste management industry (Rhyner et al., 1995) . These challenges are illustrated by the example of the application of New York City biosolids on winter wheat (Triticum aestivum L.) farms in southern Colorado when dry biosolids were blown by high winds onto an adjacent property, producing a negative reaction and halting the program (Stulp, 1995) .
An additional criterion for assessing the sustainability of industrial biotechnology processes is the measurement of environmental impacts such as the reduction of GHG emissions (Adom et al., 2014; Hermann et al., 2007) . Comprehensive life cycle assessments (LCAs) can assess a spectrum of environmental impacts such as human and ecosystem toxicity (Jolliet et al., 2003) , whereas Guinée et al. (2011) and He-Lambert et al. (2018) point out that a considerable portion of the environmental burden is associated with waste disposal or product transport. Some LCAs that evaluate bioenergy sustainability utilize GHG emissions as a proxy to assess the environmental impact of an industrial process (Chiaramonti and Recchia, 2010) . Measuring CO 2 emissions from recovered wastes from one industry subsequently used as a valued input for another industry is one method to quantify the environmental sustainability of waste recovery.
This study evaluates the use of an industrial fermentation waste product as a fertilizer replacement for agriculture. Industrial fermentation uses biocatalysts such as microorganisms to convert grain sugars and oils to produce bioenergy, food, pharmaceuticals, fibers, and chemical products. The spent microbes are separated from the product and, if they cannot be reused or recycled, they are disposed of in landfills (Halter and Zahn, 2017) . The present analysis examines the alternative strategy of using heat-inactivated spent microbial biomass generated from the production of 1,3-propanediol as a nutrient-rich soil amendment.
Two aspects can be examined to determine the value of an agricultural management practice: (i) yield benefits to farmers, and (ii) environmental benefits in terms of soil fertility and CO 2 emissions. Soil organic matter is the organic fraction of soil and has been identified as a key indicator of soil fertility (Nannipieri and Sequi, 1982) . Soil organic carbon (SOC) is commonly used as an index of soil organic matter (Nelson and Sommers, 1996) and thus can be used to estimate soil fertility.
In particular, this study compares maize (Zea mays L. var. indentata) yield, aboveground biomass, SOC, and CO 2 emissions between a plot treated with the spent microbial biomass and a plot treated with a typical farmer fertilizer practice. The specific objectives of the present study were to: (i) determine if there were differences in the maize yield following spent biomass application as compared with farmer practice (FP); (ii) measure other environmental benefits such as soil fertility (using SOC) and crop productivity (using aboveground biomass); and (iii) compare the CO 2 emissions for the two treatments.
MAterIAls And Methods

site description
The study was conducted on a 19.1 ha farm in Loudon, TN (35.708° N, -84.373° W, 274 m asl) with a slope of 2 to 12%. The mapped soil series at the site were dominated by Decatur (fine, kaolinitic, thermic Rhodic Paleudults) and Emory series (finesilty, siliceous, active, thermic Fluventic Humic Dystrudepts), with minor areas of Hermitage (fine-loamy, siliceous, semiactive, ther-mic Typic Paleudults) and Linside series (fine-silty, mixed, active, mesic Fluvaquentic Eutrudepts) (Soil Survey Staff, 2017) . The climate is classified as humid subtropical (Cfa) according to Köppen's climate classification with mean annual rainfall of 1245 mm (NOAA, 2019) . The study site was managed as an annual row crop production system of maize under no-till for 3 yr prior to this study and cropped to hay for 5 yr prior to that.
treatment Applications
The field site was divided between the spent microbial biomass (SMB) application and FP treatments. The spent biomass was applied in March 2016. In 2017, the site was subsequently divided into four treatments to allow for incorporation of the SMB through a tillage operation, retaining no-till sections for both the FP and SMB. Flux calculations are presented for 1 yr from October 2016 to October 2017. Accompanying factors, such as farmer yield benefits or ecosystem impacts (e.g., changes in soil organic matter), are presented for 2 yr.
The study site was divided so that the north 8.4 ha area was set aside for the SMB application and the southern 10.3 ha received the FP treatment. During the period 10 to 28 Mar. 2016, 9.34 Mg ha -1 of spent microbial biomass were spread on the SMB plot at a dry mass rate of 6.6 Mg ha -1 (729 g kg -1 dry matter as applied). The SMB provided a potential loading that contributed 592 kg N ha -1 , 55 kg P ha -1 , and 22 kg K ha -1 of slow-release mineralizable nutrients.
Initial SMB application rates were based on chemical and historical values of organic soil amendments (Eghball et al., 2002; Gutser et al., 2005) , assuming that approximately 50% of the N (296 kg N ha -1 ) was plant-available the first year. With the SMB applied using a side discharge manure spreader (Gehl model 1312 Scavenger, Gehl Company), many large clumps of SMB (>1000 cm 3 in size) were found in the field. These clumps persisted throughout the growing season and reduced SMB nutrient mineralization and availability. Chemical analyses of the SMB indicated that approximately 25% of the N (148 kg N ha -1 ) was inorganic and immediately available to plants, whereas the remainder was in a slow-release organic form of N that was not available that cropping season. Increased quantities of SMB application were applied the following growing season.
On 8 May 2016, 3.4 kg ha -1 of glyphosate herbicide (N-(phosphonomethyl)glycine) was applied followed by 2.2 kg ha -1 2, 4-dichlorophenoxyacetic acid (2,4-D) on 17 May for longer-term control of broadleaf weeds. On 10 May, 20 kg P ha -1 as triple superphosphate and 74 kg K ha -1 were applied on both the FP and SMB plots and 112 kg N ha -1 were applied on the FP plot. On 25 to 26 May 2016, maize (P1319HR, DuPont Pioneer) was no-till planted with an average seedling emergence rate of 63,600 plants ha -1 . A surface sidedress application of 67 kg N ha -1 was applied on 28 June 2016 to the FP plot. Five six-row adjacent yield transects were harvested on 7 Oct. 2016 with a final population density of 62,700 plants ha -1 . All grain yields were adjusted to 15.5% moisture.
In 2017, 3.4 kg ha -1 of glyphosate and 2.2 kg ha -1 2, 4-D were applied on 30 May 2017. From 12 to 15 June 2017, 19.5 Mg ha -1 of spent microbial biomass (dry mass rate of 13.1 Mg ha -1 (with an average of 31% moisture) were spread on the SMB plot with a new vertical beater manure spreader (Kuhn Krause Knight model 2044 ProPush, Kuhn Krause, Inc.). The biomass application macronutrients were estimated at 1415 kg N ha -1 , 104 kg P ha -1 , and 54.2 kg K ha -1 , with approximately 354 kg N ha -1 expected to be plant-available within the first year of application. On 16 June 2017, a surface tillage operation was performed with a vertical tillage system (Kuhn Krause Excelerator model 8000-14, Kuhn Krause, Inc.) to incorporate the SMB into the soil with the intent to reduce the size of persisting clumps, thereby increasing the SMB surface area and nutrient availability. To compare the effects of tillage, the FP plot was also tilled with a strip of approximately 18 m wide left untilled on each side of the line separating the SMB treatment from the FP.
On 16 June 2017, 112 kg N, 20 kg P and 74 kg K ha -1 were applied to the FP plot. On 16 to 17 June, maize (Beck's 6127A3 and XL 6575RR) was planted to both plots. Seedling emergence rate was an average 61,800 plants ha -1 , measured on 27 June 2017. A sidedress application of 67 kg N ha -1 was applied on 20 July 2017 to the FP plot. Maize was harvested on 14 Nov. 2017 with an average population density of 60,300 plants ha -1 .
Aboveground biomass of the maize, including grain, was randomly sampled for each of the four treatments on 20 Sept. 2017. Maize shoots with leaves and grain were cut off at ground level from four 2.03-m 2 areas per treatment. Samples were ovendried at 105°C and weighed.
Soil bulk density and organic matter were sampled and measured to determine SOC content of the surface soil (0-to 15-cm depth). Four discrete soil samples were collected before the biomass application in March 2016. Twenty-seven discrete soil samples were collected March 2017 and 45 composite samples were collected in November 2017. Soil organic C concentration was measured on air-dried samples using automated thermal combustion instrumentation (model Flash EA 1112, Thermo Finnigan). Bulk density samples were taken for each of the composite samples in November 2017 and a subset of samples were averaged across similar treatment areas for March 2016 and 2017. Bulk density was estimated from the soil core volume and rock-free oven-dried mass of soil. Soil organic C for each sample was then determined using an equivalent mass basis, adjusting for bulk density by multiplying the SOC concentration by the bulk density and depth of the sample to arrive at total SOC per unit area (Mg SOC ha -1 ) for the 0-to 15-cm depth (Nelson et al., 2008) .
Carbon dioxide Flux Measurements
Both eddy covariance (EC) and Bowen ratio energy balance systems were used to measure micrometeorological and soil properties between 1 Oct. 2016 and 30 Sept. 2017 as described in Part 1 of this series (O'Dell et al., 2019) . For the purposes of this study, the EC method was selected for comparing the CO 2 emission between the two treatments, though more information describing specific differences observed between these two micrometeorological approaches can be found in O' Dell et al. (2019) . Eddy covariance stations were located near the center of each plot with the instrument on the FP plot positioned 155 m from the southern edge of the field and 60 m S of the edge of the SMB plot. The EC instrument on the SMB plot was located 68 m north of the southern edge of the SMB plot. The EC instruments were oriented toward the prevailing wind direction of 225° SW and mounted at a 1.75 m height above the canopy or soil surface, adjusted throughout the growing season. The mean flux footprint area using the Kormann and Meixner model (Kormann and Meixner, 2001) showed that at least 80% of the EC flux measurements reflected atmospheric properties within the plot area.
Eddy fluxes were measured using infrared gas analyzers (IRGAs) integrated with 3D sonic anemometers (IRGASON, Campbell Scientific). The IRGASON collected data at a frequency of 10 Hz.
Eddy covariance systems experience system failures and data loss; a FLUXNET survey reported a range of missing or rejected data between 9 and 65% with an average site loss of 35% of observations (Falge et al., 2001) . Gaps in data can result from power or equipment failures, maintenance, sensor obstruction from precipitation, dew, bird droppings, etc. For these reasons, several gap-filling strategies have been developed for addressing data loss. REddyProc software (Reichstein et al., 2005; Wutzler et al., 2018) provides quality-checks, filtering, gap-filling, and recalculation of nighttime flux for EC and was used for this study. The first application of REddyProc gap-filling and nocturnal recalculation showed low and negative nighttime fluxes, which was considered to be an effect of the sloping terrain. The planar fit tilt correction (Wilczak et al., 2001) was applied using EddyPro software (LI-COR Biosciences) recalculating most of the raw EC data, followed by the REddyProc marginal distribution sampling (MDS) gap-filling method (Reichstein et al., 2005) . For this study, 26% of 30-min EC flux calculations for the FP and 27% for the SMB treatment were gap-filled and or recalculated by the REddyProc MDS gapfilling method, similar to other studies (Falge et al., 2001) .
data Analysis
The first year's maize grain yield treatment means and SOC sample means were analyzed using F tests and Student's t test with Microsoft Excel 2010 (Microsoft Corporation). The second year's grain yield and aboveground biomass were analyzed using a two-way analysis of variance (ANOVA) with SAS (SAS V9.4, SAS Institute) to account for the tillage sub-factor within the nutrient treatment. Mean SOC was analyzed using SAS's one-way ANOVA for all SOC measurements, and a two-way ANOVA was used for the final November 2017 set of measurements. Yield, biomass, and SOC means were separated using the GLIMMIX procedure of SAS, which included the Fisher's least significant difference (LSD) test, Tukey's Honestly Significant Difference (HSD) and Bonferroni's correction methods for mean separation. Least squares mean separation output was converted to letter groupings with the PDMIX800 macro (Saxton, 1998) . Regression analyses of daytime flux measurements were performed using Excel.
results And dIsCussIon
The first harvest of maize occurred on 7 Oct. 2016, 177 to 210 d after the SMB was applied. The mean yield on the SMB plot was 7.73 Mg ha -1 , which was significantly less than the mean yield of 8.64 Mg ha -1 on the FP plot (Student's one-tail t test, n = 5, p ≤ 0.01) ( Table 1 ). The plant-available N of 148 kg N ha -1 from the first SMB application at the estimated rate of 25% plant available was less than the 179 kg N ha -1 inorganic fertilizer that the farmer applied and is considered a major contributing factor to the yield difference. The first year SMB application had irregular distribution due to issues with the spreader, which may have influenced the available N. The spreader was unable to adequately pulverize the SMB such that the larger clumps would not readily undergo mineralization, which likely limited nutrient release.
In 2017, ANOVA type III tests for fixed effects indicated the nutrient effect was a significant factor of the yield (F(1,11) = 5.07, p = 0.0457), whereas the tillage effect was not (F(1,11) = 2.12, p = 0.173). The interaction term between the nutrient and tillage effect was significant, indicating the nutrient effect varied by tillage (F(1,11) = 11.0, p = 0.0069). The mean differences were compared for the nutrient application effect, as shown in Table 2 , which includes the yield for each of the nutrient treatments. The nutrient application effect least-squares mean separation shows that the SMB application grain yield was significantly greater than the FP yield (p ≤ 0.05).
The yield was further split into the tillage sub-factor (the tilled vs. the untilled section) in each of the nutrient application plots (Table 2) . When comparing the means of just the tillage effect, no significant differences were evident. When comparing the means of the combined treatment factors (the tillage sub-factor within the nutrient treatment) there is a significant difference between the SMB tilled and the FP no-till vs. the FP tilled, although otherwise no significant differences were found between the treatments.
All 2017 yields were less than half of 2016 yields, likely a combined result of the later planting date and reduced rainfall following emergence in 2017. These results suggest that the FP tilled treatment produced lower yields, which can be explained in part by a combination of two factors: (i) the farmer fertilizer application of 179 kg N and 20 kg P ha -1 was much lower than the estimated SMB N available at 354 kg N ha -1 and P applied at 104 kg ha -1 , and (ii) during the first 21 d following planting (vegetative growth stages VE through V4), 98 mm of rain fell, followed by a period of 24 d with a total of 25 mm of rainfall during the final stages of vegetative growth (stages V5 through VT). This might explain the higher maize grain yield in the no-till area due to no-till moisture retention providing an advantage during this dry period and may indicate greater water holding capacity of the SMB within the tilled area of the SMB plot ( Table 2) .
The total NEE from 1 Oct. 2016 to 30 Sept. 2017 for the SMB treatment was 794 g CO 2 m -2 yr -1 and 294 g CO 2 m -2 yr -1 for the FP treatment (Fig. 1) . Amounts greater than zero represent net transfer of CO 2 to the atmosphere; values less than zero indicate net transfer from the atmosphere to the soil and plant canopy. During this measurement period (1 Oct. 2016-30 Sept. 2017), CO 2 flux accumulation is positive with respiration exceeding photosynthesis, indicating a net transfer of CO 2 from the soil and canopy to the atmosphere. A visual comparison of rates of accumulation (Fig. 1) shows a small buildup of CO 2 emissions during the non-growing season from October 2016 through February 2017 with a gradual positive slope. The greatest increases in emissions (steeper positive slope) followed herbicide application on 31 May 2017 and conclusion of biomass application and tillage on 16 June 2017 (Fig. 1) . Net positive fluxes continued to increase until the maize canopy reached the V5 vegetative state around 10 July 2017, when photosynthesis from the growing canopy exceeded day and night respiration and the slope of accumulation becomes negative suggesting net C sequestration. Following maize senescence at the end of August 2017, net C sequestration ends and the positive slope during September indicates net emissions (Fig. 1) .
Though net CO 2 emissions are greater over the SMB than the FP plot, NEE measurements can provide data about the magnitude of C sequestration by the different treatments. One approach to quantifying the differences in C sequestration is using the C cycle concepts proposed by Chapin et al. (2006) , whereby net ecosystem production (NEP) is equal to gross primary production (GPP) minus ecosystem respiration (ER) (NEP = GPP -ER). In this case, GPP refers to photosynthetic gain of atmospheric CO 2 -C by the ecosystem' s plant canopy and roots, and ER refers to plant, animal, and microbial respiratory loss by the ecosystem. Baldocchi (2003) pointed out that negative NEE often approximates NEP, so we could also say that NEE = RE -GPP or -GPP = NEE -RE. By convention when NEE is negative the ecosystem is gaining C, which is opposite to GPP, which by convention is positive when the ecosystem is gaining C. So a "negative GPP" would be in the units of NEE, where the more negative the value, the greater the photosynthetic gain by the ecosystem.
If it were assumed that CO 2 flux measured at night is similar to the respiration that occurs during the day (i.e., ER), then we could provide a first-order estimate of GPP by subtracting nighttime respiration (i.e., nighttime NEE) from daytime NEE as presented by O'Dell et al., (2018) . This is shown in Table 3 for both treatments, which provides the average monthly daytime NEE from 1000 and 1600 h and the average nighttime NEE between 2200 and 0400 h. The rate of ecosystem photosynthesis during the day could be compared between the two treatments by the daytime NEE minus nighttime NEE. Although this GPP estimation does not include the entire photosynthetic period, it can provide a first-order representation of GPP to establish the differences between the treatments.
The estimate of negative GPP in Table 3 (daytime -nighttime NEE) shows how much more the canopy compensates for greater nighttime respiration during the day. This approach averages a 6-h period of flux during the day and night, omitting the morning and evening transition periods when changes to incoming and outgoing energy result in a change in direction of energy and flux. The treatment with the greater (more negative) monthly mean day minus night NEE are highlighted in bold, indicating the treatment with the greater ecosystem photosynthesis. Data in Table 3 shows that the SMB plot had greater GPP during 10 out of 12 mo of the year when CO 2 flux measurements were made. The FP plot indicated greater GPP during the 2 mo of June and July when tillage, planting, and applications of both SMB and mineral fertilizer were conducted. Mineral fertilizers could have provided a boost to early growth, giving the FP treatment an initial advantage for greater photosynthetic production during these 2 mo, whereas the SMB provided a slowrelease supply of nutrients sustained over the remainder of the year.
Data that supports greater ecosystem photosynthesis by the SMB treatment comes from aboveground biomass maize measurements (aboveground vegetation including maize grain) taken on 20 Sept. 2017. Table 4 shows that the aboveground biomass of the SMB treatment canopy was significantly different than the FP treatment canopy when analyzed using a two-way ANOVA focused on the nutrient effect using the least-squares mean separation (p ≤ 0.05). ANOVA type III tests for fixed effects indicated the nutrient effect was a significant factor of the aboveground biomass (F(1,12) = 5.46, p = 0.0376), whereas the tillage effect (F(1,12) = 1.30, p = 0.2772) and the nutrient × tillage interaction effect (F(1,12) = 0.09, p = 0.7647) were not significant. Greater mean aboveground biomass indicates greater photosynthesis and C sequestration on the SMB plot.
When comparing the tillage effect within the nutrient application treatment for the aboveground maize biomass measurements using the two-way ANOVA, there was a significant difference between the SMB no-till and the FP tilled (Table 5 ). There was otherwise no significant difference between the treatments. The greater CO 2 uptake by the canopy on the SMB plot could also indicate recycling of respired CO 2 . Others have shown photosynthetic overcompensation by the canopy (i.e., a fertilization effect) that occurs with greater nighttime respiration (Wan et al., 2009) or greater concentrations of CO 2 (Haworth et al., 2016) . It is possible that availability of greater concentrations of CO 2 from nighttime respiration provides a photosynthetic boost in the morning. Decomposition of the SMB during the day may also contribute to this CO 2 fertilization affect. Although some C 4 species like maize do not necessarily show an increase in net assimilation of CO 2 with higher concentrations (Long et al., 2005) , C 3 weed species may take advantage of greater CO 2 concentrations (Patterson and Flint, 1980) . Other studies found that greater CO 2 concentrations benefited maize growth under restricted water conditions (Manderscheid et al., 2014) , which may have enhanced the SMB treatment since two dry periods occurred during the 2017 growing season.
A regression comparing the CO 2 flux between the FP and SMB treatments during the daytime growing season hours of 1000 to 1600 (July-September 2017) suggests increasing plant biomass production by the SMB plot (Fig. 2) by the end of the period. The black lines in Fig. 2 represent the linear regression and the red lines designate lines of equality (1:1 slopes). The July regression indicates that the FP treatment sequestered more than the SMB, whereas the SMB treatment had greater positive emissions compared with the FP. However, by the end of the growing season in September, the SMB treatment exhibited greater negative daytime fluxes, consistent with greater biomass measured in the SMB plot (Table 4 ). These regres-sions support some of the findings of greater canopy accumulation (Table 3) , as July shows greater canopy accumulation (more negative) mean day minus night NEE for the FP treatment than the SMB, while the mean day minus night NEE during August and September is lower for the SMB than the FP treatment. The August regression trendline in Fig. 2 shows the FP treatment sequestering more CO 2 than the SMB treatment, which conflicts with a greater estimate of mean canopy accumulation for August by the SMB treatment in Table 3 . This could be explained in part as the period when the SMB canopy began to exceed the FP's canopy rates of CO 2 accumulation.
Mean SOC (the top 0-15 cm below the soil surface) was 31.3 Mg SOC ha -1 sampled before the first SMB application (March 2016) ( Table 6 ). The mean SOC for the SMB plot measured in March 2017 (1 yr after the application) was not significantly different than the mean FP plot, which were both still under no-till management. After the second SMB application in 2017, there were no significant differences in SOC between the SMB tilled plot (45.4 Mg SOC ha -1 ) and the SMB no-till (45.6 Mg SOC ha -1 ), whereas both SMB plots were significantly different than the FP tilled (35.8 Mg SOC ha -1 ) ( Table 6 ). These measurements indicate a 45% increase in SOC for the tilled SMB plot and 14% SOC increase for the tilled FP plot between March 2016 and November 2017, indicating a much greater increase in SOC on the SMB plots. Increases in SOC on the tilled plots may be due in part to residue incorporation.
Similar to the 2017 grain yield, ANOVA type III tests for fixed effects showed the nutrient effect was a significant factor of SOC (F(1,41) = 13.2, p = 0.0008), while the tillage effect was not (F(1,41) = 2.34, p = 0.134) ( Table 7) . Unlike grain yield, the interaction between the nutrient and tillage effect was not significant, indicating the nutrient effect did not vary by tillage (F(1,41) = 1.93, p = 0.173) for SOC. Similar to the grain yield, the least-squares mean separation for the nutrient application effect shows that the SOC for the SMB application was significantly different than the FP SOC (Tukey's HSD test, p < 0.05), whereas the mean SOC was not significantly different for the tilled than the no-till treatments (Table 7) .
Both SMB tilled and no-till treatments showed significantly greater mean SOC than the mean FP tilled SOC (Table 7) . These results show that the SMB application can effectively increase SOC, even when it is not incorporated.
The SMB application totaled 166 Mg dry biomass for 8.4 ha or a total of 87.6 Mg C. The difference in emissions between the SMB plot area and an equivalent FP area totaled 18.6 Mg of CO 2 -C, when using NEE calculations extrapolated for the 569 d from the first SMB application. The higher CO 2 emissions from the SMB treatment is believed to be due to the breakdown of organic C, representing approximately 52% of the SMB based on dry matter (Sullivan et al., 2017) . These estimates indicate that approximately 20% of the C applied is respired, while the remainder adds to biomass production and soil organic matter, as well as providing an enhanced CO 2 environment within the canopy for improved crop production.
Over time, more of the SMB C may be respired through decomposition and respiration; however, this experiment shows that along with greater emissions, there is also potential to increase biomass and soil organic matter accumulation and fertility. Tian et al. (2009) reviewed the impact of biosolids-amended fields in Illinois and found increases in soil organic C that was greater than fertilizer controls over 34 yr of land reclamation, even suggesting that biosolids could turn degraded soils into C sinks. Although our flux measurements showed that SMB applications have greater emissions than typical farmer fertilizer practices, as Tian et al. (2009) indicates, there is value and numerous co-benefits to the soil and ecosystem from the beneficial reuse of waste. Given that the benefits of recycling far outweigh the costs of waste incineration or landfilling (Golueke and Diaz, 1996) , measuring the agronomic, soil, and atmospheric effects of industrial fermentation waste recycling can provide greater understanding of the life cycle impacts for greater environmental sustainability.
ConClusIons
The application of spent microbial biomass waste as a nutrient resource for maize production can achieve yields that are similar to typical farmer fertilization practices, although further study is required to determine application rates and timing that would provide optimum value to the farmer. This study found that although annual NEE for the spent microbial biomass application was greater than for the farmer practice, some of the excess emissions are apparently recycled back into the ecosystem through enhanced photosynthesis to produce more plant biomass and soil C. The additions of the spent microbial biomass provided yields on par with typical farmer practices when applied at greater rates and showed the potential to enrich ecosystem productivity and environmental sustainability through conversion of waste nutrients into greater yields, plant biomass, and increased SOC. Utilizing high C waste nutrients increases soil organic matter, improves soil physical and chemical properties, and creates a reservoir of plant nutrients, providing environmental and agricultural benefits that extend beyond the immediate application.
